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論文要旨 
 
Gecko has an abundance of fiber structures, called setae, on their toe pads and each seta is 
divided into a hundreds of spatulas. Gecko can attach everywhere, even on ceiling, with the 
spatulas. They increase interaction area between the toe pads and the wall, and hence increase 
the total adhesion.  A remarkable point of gecko’s adhesion is absence of any sticky materials. 
 Stiffness (elasticity) of fiber is one of the important properties in the adhesion problem. 
Proper stiffness helps the spatulas attach surfaces effectively and prevents aggregation of 
spatulas or setae. The representative value of Young's modulus of setae is 1 - 20 GPa. Insects 
also have a similar fiber structure whose Young's modulus is same order of magnitude with that 
of seta. Therefore it is reasonable to expect that the stiffness of setae is optimized for the 
adhesion. However there are no discussions to clarify the relationship between microscopic 
structures and mechanical properties of gecko's seta. 
 The purpose of this research is to understand the origin of mechanical properties of setae based 
on their microscopic information. We have surveyed the chemical components and internal 
structures of gecko's seta and constructed a coarse-grained two bead model. The model 
simplifies the details of the components but mimics the internal structures that critically affect 
the mechanical properties. 
 The main components of gecko's toe pads are beta-keratins, which are classified into two 
categories: cysteine-rich and glycine-rich keratins. An immunofluorescence research revealed 
the distribution of each keratin: the cysteine-rich keratins distribute in seta, while glycine-rich 
keratins distribute in the basement. We simply assume that a seta is made from cysteine-rich 
keratin. An x-ray diffraction experiment showed that there are two internal structures in seta: 
one is fibril and the other is matrix structure. The former consists of dimers of beta-sheets.  
 We analysed the keratin's secondary structures from its sequences by using a standard 
software named PSIPred, and predicted microscopic structures of seta. Therefore we propose a 
two bead model, in which a kind of bead represents matrix amorphous (AM) bead, and the other 
kind represents the core (CR) dimer bead. We chose the size of an AM bead as that of an amino 
acid in order to express the flexibility of matrix region. In contrast, as the beta-sheet regions are 
rigid and undeformable, we chose the size of a CR bead as a dimer. In this scheme, we can easily 
understand how the dimer-dimer interaction affects the mechanical properties, especially the 
elastic modulus. 
 The interaction parameters are calculated based on MARTINI force field, using a simple 
estimation method. Excluded volume is estimated from experimental data (1.3 g/cm3). The 
strength of non-bonded interaction is averaged according to the compositions in advance of the 
simulation. The conformational effect is included in the prefactor. Normally, the construction of 
coarse-grained potential needs several iteration processes for the parameter tuning. Although 
our method does not require such iteration, it gives reasonable results. 
 The simulation shows that Poisson's ratio of seta system (νAM+CR) becomes νAM+CR = 0.266 
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± 0.010 and Young's modulus (EAM+CR) is EAM+CR = 12 ± 0.6 GPa. These values are consistent 
with experimental data. In order to clarify the role of the dimers, we performed simulation of 
pure matrix system in which Young's modulus is one order of magnitude smaller than that of 
seta. This shows that dimers are dominant component of the stiffness. 
 Our simulation shows that the seta and spatula is made from stiff fibril by dimer of beta-sheets 
and matrix surrounds the fibrils. The surface of seta and spatula is surrounded by soft matrix 
that enables spatula to attach rough surface easily. 
 The stress-strain (S-S) curves obtained by our simulation and the experimental data in 
vacuum is 25 % differences. Our model represents the situation without any water molecules. 
Actually, the experimental data of 30 % and of 80 % relative humidity (RH) become softer. The 
slope for 30 % RH is almost constant, while data in 80 % RH has two slopes that are connected 
with a plateau. In this research, we succeed to explain the behavior of S-S curve qualitatively by 
using a CR-CR interaction that is automatically cut if two cores are separated. We observed 
some of cores disengage if we elongate the system more than 2 % strain and also observed 
similar plateau in S-S curve. According to the simulations, the initial slope of the S-S curve is 
characterized by the interaction between dimers of beta-sheets. In the case of high humidity 
condition, water molecules disengage interaction between dimers (3 -- 8 ¥% strain). 
Since dimers do not contribute on the elasticity after the disengagement of the dimers, matrix 
becomes the dominant component of the elasticity. 
 In this research, we constructed a simple two bead model in order to understand the origin of 
mechanical properties of gecko's setae from microscopic information. Although our method is 
much simpler than the conventional method, the model reproduces mechanical properties that 
are consistent with experiments. We found that the seta is made from stiff fibrils and soft 
matrix. The soft matrix enables spatulas effectively attach a surface, while the stiff fibril 
prevents the aggregations of setae or spatulas. Since the fibril and matrix structure discussed 
here is common through avian and reptile, the procedure is immediately apprecable to the avian 
feather, or epidermis of reptiles. 
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論文審査の結果の要旨 
 
ヤモリが家屋の壁面や天井を歩く際のヤモリの足と壁面との間の吸着力は、ヤモリの足裏に密生
している spatula と呼ばれるへら状の突起物の束から構成される seta という繊維に由来している。
同様の繊維組織は、ヤモリに限らず鳥類の羽、爬虫類や昆虫の体組織に普遍的にみられ、これら
の繊維が生体組織の弾性的性質に大きく寄与している。これらの生体繊維の多くは、1-20GPs の
弾性率を持っており、かつ柱状のコア領域とそれを取り巻くアモルファス領域からなることが知
られている。このような弾性率の値とミクロな構造が、ヤモリの足の粘着性や鳥の羽の飛翔特性、
昆虫の体の力学特性にとって最適化された硬さと構造になっているということは容易に想像でき
るが、分子スケールのミクロな視点からこれらの特性に関して研究した例はこれまでほとんどな
かった。遠藤氏は、seta の繊維の組織構造を粗視化分子モデルを用いてモデル化し、その粗視化
分子間の相互作用を seta を構成するβ-ケラチンのアミノ酸配列の情報から計算することで、粗
視化モデルを用いた seta の弾性特性の分子シミュレーションを行った。遠藤氏は、このような粗
視化シミュレーションによって、seta の弾性特性の起源の解明と弾性率の定量的再現に成功した
のみならず、同様の構造を有する生体繊維組織全般の力学特性に対するミクロな視点からの示唆
を与えることに成功した。 
 
 本研究の主たる成果は、以下のとおりである。 
1. ヤモリの seta を構成するβ-ケラチンのアミノ酸配列の情報をもとに、β-ケラチンをコア領
域を構成する 4 つのβシートからなる比較的大きなコア粒子と、コアの周囲のマトリックスを
構成するアモルファス粒子の 2 種類の粗視化粒子の連鎖でモデル化し、さらに、このようにし
て構成した粗視化粒子間の相互作用ポテンシャルを MARTINI 力場モデルとよばれるアミノ酸残
基間の相互作用ポテンシャルをもとに推算した。 
2. 上で求められた粗視化粒子モデルを用いて分子動力学シミュレーションを行い、seta を構成
する繊維の応力－ひずみ特性を再現することに成功した。 
3. 上記の粗視化分子動力学シミュレーションから、従来 seta の応力－ひずみ特性に見られた平
坦部の起源が、繊維のコア領域の弾性の破壊によるコア領域の弾性からアモルファス領域の弾
性への遷移であることを証明した。 
4. ヤモリの seta に対して粗視化分子モデルのポテンシャルを求めたと同じ方法で、他の生物の
繊維についても粗視化ポテンシャルをもとめ、それぞれの生物について実験的に知られている
データと少なくとも定性的に矛盾しない結果を得ることができた。これは、生体繊維の弾性率
を理解し予想する際の大きな指針となりえる。 
 
以上、本研究は生体の繊維構造を構成するミクロな分子のアミノ酸配列を基礎として、粗視化分
子モデルを構成する手法を提案し、マクロな応力－ひずみ特性を再現し、かつその弾性特性の起
源を明らかにできたことは、これまでミクロな議論が欠落していた生体繊維の課題における大き
な進歩であり、高く評価される。これは申請者が自立して研究活動を行うに必要な高度の研究能
力と学識を有していることを示す。よって博士論文として合格であると認める。 
